A compact optical fiber hydrophone with a fiber Bragg grating (FBG) is developed and experimentally examined. The developed FBG hydrophone exhibits linear response to a sound pressure in water with the dynamic range as wide as 90 dB. It can detect an acoustic field in the wide range of frequency: it operates at least from a few tens kHz to a few MHz. It can also measure an acoustic field with fairly good spatial resolution. Because of the simplicity in the geometry and potentially low cost in the production, an FBG is expected to offer a practically important hydrophone of high performance.
Introduction
An optical fiber Bragg grating (FBG) has been widely utilized as a sensing tool for various physical quantities including acoustic field, temperature and strain.1-5) Specifically underwater acoustic sensing has successfully been demonstrated using an FBG in combination with a laser light1) Bragg reflection wavelength is 1544.7 nm. The wavelength bandwidth of the reflection is 0.14 nm. The reflectance at the Bragg reflection wavelength is 99 percent.
The length of the FBG is 24 mm. Fig.2 shows the reflection spectrum of the FBG, which was measured by using ASE (Amplified Spontaneous Emission) output from an EDFA (Erbium-Doped Fiber Amplifier) as an optical source and an optical spectrum analyzer as a detecting system.
Since the measurement includes various losses due to the optical connections and fusion splicing, the reflectance on the vertical axis is normalized to unity and given in relative magnitude.
The FBG is embedded in silicone that is supported by a stainless steel tube.
The dimensions of the FBG hydrophone head are 210 mm in length and 8 mm in diameter. For the stabilization of the sensor operation, one end of the FBG fiber is cut at the angle of 8 degrees and an FC/APC (angled PC) optical fiber connector is connected to the other end of the fiber. When there is reflection from various facets and/or optical connectors of low quality, there may be Fabry-Perot interference between the FBG, facets and connectors, which results in fluctuation of the sensor operation.
In the development of the FBG In the connections, thin line is an electric wire and thick line is an optical fiber. underwater acoustic sensor in the transmission mode, optical isolators are inserted before and after the FBG in order to keep out the FabryPerot interference. 1) For the operation of the sensor in the reflection mode, however, an optical isolator can not be used and therefore the reflection from various facets and/or discontinuities need to be suppressed as much as possible for the operation of high stability.
The cut angle was examined by measuring a frequency histogram of the sensor output signal while varying the angle and has been determined to be 8 degrees.
We also examined two kinds of optical connectors FC/SPC (super PC) and FC/APC, which have nominally the back reflection of about -40 and -60 dB, respectively.
An FC/APC connector has the least back reflection among commercially available optical fiber connectors at the moment. When we used an FC/SPC connector in the sensor, we observed the slow (less than 1 Hz) temporal fluctuation of the detected signal.
When we used an FC/APC connector instead, the sensor output is stabilized and we did not see the temporal fluctuation at least during the observation in the laboratory, i.e., more than a few tens minutes.
For the operation of the sensor, this sensor head is connected to an optical circulator through which a laser light is supplied and the sensor signal is extracted.
Fundamental characteristics
Using the experimental setup shown in As mentioned in the previous section, an optical circulator is used to efficiently introduce the light from the source to the FBG and again from the FBG to the photo detector. The reflected light from the FBG is detected with a photodiode PD, amplified by an amplifier and observed on an oscilloscope (CH1).
For comparing the performance, a PZT hydrophone is placed near the FBG hydrophone. The output of the PZT hydrophone is also observed on the oscilloscope (CH2). Fig.4 (a) shows the observed oscillograms of the FBG hydrophone and PZT hydrophone for an acoustic frequency at 20 kHz in continuous mode. For the measurement at 20 kHz, the lower trace is from the standard PZT hydrophone (B&K Type 8103). The output of the standard hydrophone is amplified by the condition amplifier type 2650 and connected to the oscilloscope.
Since the standard hydrophone can be used only up to 200 kHz, other PZT hydrophones are used to monitor the acoustic field at 1 and 3 MHz.
Small discrepancy in phase between the upper and lower traces in (a) does not mean the phase difference between their temporal responses but is due to the phase delay in the instruments.
It is seen from the figures that the FBG hydrophone can detect a sound pressure with good temporal response from low frequencies to high frequencies. Since we have the similar waveforms in the upper and lower traces in (c), the shape showing relatively slow rising is considered not to be due to the characteristics of the hydrophones. It is considered to be probably because of the character of the acoustic transducer used in the experiment. While varying the sound pressure in water, the CH1 output of the oscilloscope and the output of the condition amplifier are measured by a lockin amplifier and a digital multimeter DMM, respectively.
The acoustic frequency is 20 kHz. After calibrating the FBG hydrophone output with the standard hydrophone output, the output of the FBG hydrophone is plotted as a function of the sound pressure and shown in Fig. 5 . The vertical axis is in relative magnitude. The circles are the experimental results and the straight line is drawn with the curve fitting method. Since the slope of the line is 1.01, it can be said that the FBG hydrophone output is in proportion to the sound pressure applied.
The linearity is good and the dynamic range of the FBG hydrophone is as wide as about 90 dB.
3.3
Spatial distribution measurement of acoustic field As an application of the FBG hydrophone developed here, a spatial distribution of an acoustic field in water is measured using the experimental setup shown in Fig.6 .
The optical system in the setup is essentially the same as that in the previous section.
The PZT acoustic transducer is placed in the water and an acoustic field is radiated in the horizontal direction.
The FBG hydrophone can be moved in the x (horizontal) and z (vertical) directions with stepping motors, as shown in the figure. The stepping motors and the spectrum analyzer are connected to and controlled by a computer through RS232C and GP-IB, respectively.
The frequency of the acoustic field is 1 MHz in pulsed mode. The operating optical wavelength is the same as above: 1544.67 nm. The distance between the transducer and the FBG hydrophone head is 100 mm. While fA is the acoustic frequency.
In each figure,the upper trace crresponds to the FBG hydrophone and the lower to the PZT hydrophone. mm in the x and z directions, the output of the photodiode is measured and recorded in the computer.
The result is shown in Fig.7(a) . Fig.7(b) shows the same distribution obtained with the same procedures but with a PZT hydrophone instead of the FBG hydrophone.
The size of the PZT hydrophone is 5 mm in diameter. In both cases, the outputs are normalized by their maximum values and given in relative magnitude. As seen in Fig. 7(a) , the distribution of the acoustic field in water is measured with fairly good resolution by using the FBG hydrophone.
Although there is some discrepancy between the results obtained by the two kinds of hydrophone, overall coincidence between them is fairly good.
4. Summary A compact optical fiber hydrophone is developed and demonstrated using an FBG as a sensing element.
An FBG hydrophone exhibits several important features. It can detect a sound pressure with good linearity and the dynamic range as wide as 90 dB. It responds to an acoustic field from low to high frequencies: the operation from 20 kHz to 3 MHz has been experimentally examined.
It provides a fairly good spatial resolution in detecting an acoustic field in water. The sensitivity of an FBG hydrophone can be raised by using higher input optical power and steeper slope of a reflection spectrum curve (see Eq. (3)). Although we used 3 mW of LD output power because of the limitation in our laboratory and 0.14 nm bandwidth due to the commercial availability, it is possible to obtain a higher power laser diode and a narrower bandwidth FBG. The sensitivity can then be easily made higher. Since an FBG can be made inherently at low cost, furthermore, it is ex-(a) FBG hydrophone (b) PZT hydrophone pected to offer a hydrophone of practical importance.
